The abundance of tree seeds is a key parameter affecting the abundance and fluctuations of rodent populations. Nevertheless, despite extensive research on the relationships between seeds and rodent populations, we have an inadequate understanding of the demographic mechanisms by which seed abundance influences population density and population growth rates. To help fill this gap we addressed 3 hypotheses: 1) seed abundance affects individual survival, 2) seed abundance affects recruitment, and 3) seed abundance affects both survival and recruitment. We used data from a long-term (33 years) population study on red-backed voles (Myodes gapperi) in the Holt Research Forest, a mixed deciduous-coniferous forest located in Arrowsic, Maine, United States. We found strong empirical evidence that different tree seeds affected the vole populations differently and that these effects were strongly dependent on vole population density. We found that white pine (Pinus strobus) seeds were particularly important when vole density was low and their main effect was to increase recruitment. Conversely, paper birch (Betula papyrifera) seeds became important only when density was high and exerted their effects mainly by affecting survival. Our results advance our mechanistic understanding of the interactions between seeds and rodents and thus contribute to our understanding of the complex phenomena of rodent population fluctuations.
Small mammals play key top-down and bottom-up roles in forest ecosystems as seed predators and dispersers, as prey species for vertebrate predators, and as grazers (Forget et al. 2004; Krebs 2013; Sandom et al. 2013) . Their effect as seed predators and as prey species is strongly linked to their density, which may fluctuate dramatically over time (Krebs 2013) . Consequently, the quest for understanding the drivers of rodent population fluctuations is among the most important in ecology (Krebs 2013) .
Tree seed abundance is well known for being a key parameter affecting rodent abundance (Wang et al. 2009; Lobo 2014) and several studies have shown that rodent fluctuations are strongly linked to seed mast events (Pucek et al. 1993; Wolff 1996a; McShea 2000; Ostfeld and Keesing 2000) . However, despite the many studies focusing on relationships between seeds and rodent populations, few have explored the detailed mechanisms by which seed abundance exerts its effects on population density and population growth rates (Goswami et al. 2011; Boonstra and Krebs 2012; Gasperini et al. 2016) . Specifically, what are the vital rates responsible for changes in density and population growth rates? Do tree seeds increase individual survival, which in turn leads to higher density, or does high abundance of tree seeds increase recruitment in an area (i.e., increase reproduction or immigration)? Additionally, do different tree seeds affect populations through different mechanisms? Filling these knowledge gaps will help to establish a mechanistic understanding of a process (seed predation) that has ecosystem-wide consequences (Forget et al. 2004; Jansen et al. 2012) .
Our main research question is: What are the demographic mechanisms by which tree seeds exert their effects on rodent population fluctuations? Based on the conceptual model represented in Fig. 1 , we hypothesized 3 pathways: 1) seed abundance directly affects individual survival, which in turn affects the population density or population growth rates; 2) seed abundance affects recruitment (by increasing reproductive rates or increasing immigration), which in turn affects population density or population growth rates; and 3) seed abundance affects both survival and recruitment.
To test our hypotheses, we used data from a long-term (33 years) study focusing on red-backed voles (Myodes gapperi) in the Holt Research Forest, a mixed deciduous-coniferous forest located in Arrowsic, Maine, United States. Previous studies have established that the vole population at Holt is cyclical (4.4-year periodicity) and found evidence that the magnitude of fluctuations is partly affected by abundance of white pine (Pinus strobus) seeds (Elias et al. 2006; Boonstra and Krebs 2012) . The long-term duration of the study, combined with a high number of tree species (n = 10) characterized by different phenologies, provides a unique opportunity to study the demographic mechanisms linking seed availability and rodent population fluctuations.
Materials and Methods
Our study was conducted in the Holt Research Forest, which is located in Arrowsic, Maine, United States (43°45′N, 69°46′W). The area is characterized by mature pine-oak forest with older trees approximately 80-100 years of age. The most common overstory tree species present are white pine (Pinus strobus), red spruce (Picea rubens), hemlock (Tsuga canadensis), red oak (Quercus rubra), red maple (Acer rubrum), yellow birch (Betula alleghaniensis), and paper birch (Betula papyrifera). The region receives a mean annual rainfall of 112.3 cm and mean annual snowfall of 163.6 cm. The temperatures range from an average of −9.9°C (SD = 2.5°C) in January to an average of 25.4°C (SD = 1.3°C) in July. Some areas of the forest (a total of 7 ha, 23% of the total area) were harvested once in winter during 1987 -1988 (Kimball et al. 1995 , creating gaps that were accounted for in the analyses by using a specific categorical variable. The trees cut in the harvested block were based on individual treatment objectives, their market value, vigor, and juxtaposition to other trees to be cut. No specific effort was conducted to control the size, shape, or orientation of the gaps.
Mammal trapping.-Data were collected from August 1983 to August 2015. Trapping sessions were conducted twice per year, in the first week of April and August from 1983 to 2002, and once per year in August during 2003-2015. Our grid was composed of 6 parallel 400-m transects spaced 100 m apart, with 144 traps spaced approximately 17 m apart on each transect. Each station had 2 large Sherman traps (H. B. Sherman Traps, Inc., Tallahassee, Florida) activated for 5 consecutive days each trapping session. Traps were baited with a mixture of rolled oats and peanut butter. We put a 5.1 × 5.1 cm pad of pressed cotton (Nestlets; Ancare Corporation, Bellmore, New York) into each trap for bedding and insulation. We checked traps daily between 0600 and 1000 h. We marked voles with metal ear tags (National Band and Tag Company, Newport, Kentucky) and recorded age, sex, and weight for each individual. Capture and handling procedures followed animal care and use guidelines of the American Society of Mammalogist (Sikes et al. 2016) and were approved by the University of Maine Institutional Animal Care and Use Committee (most recent protocol: A2014-04-05) and the Maine Wildlife Collection permit .
Seed abundance.-We focused our analyses on trees yielding the largest crops, which included white pine, red spruce, balsam fir (Abies balsamea), hemlock, red oak, white oak (Quercus alba), red maple, yellow birch, paper birch, and gray birch OGAWA ET AL.-SEED ABUNDANCE AND RODENT POPULATIONS 421 (Betula populifolia). Between 1983 and 1990, we set 40 seed traps within the grid. The study area was divided into 1-ha blocks and 1 seed trap was randomly located in each block. We used ultraviolet-resistant nylon net bags suspended from an aluminum ring supported on 1.5-m wooden posts as seed traps; bags had a sample area of 0.5 m 2 . We counted the number of seeds monthly and the sum was used as an index of annual seed production. From 1988 to 2014, we set a seed trap at each transect trap station and at 10-m intervals along 2 east-west 600-m transects. A total of 264 nylon net bags were suspended 1 m above the ground within a wire frame with a sample area of 0.042 m 2 each. Seeds were collected and counted once per year in May (Witham et al. 1993) . The 2 indices were highly correlated (ρ = 0.73, calculated for the overlapping period, [1988] [1989] [1990] ; consequently, both estimates were considered to be comparable.
Weather variable.-We obtained the minimum temperatures for the August-March periods from a weather station in Newcastle, Maine, which is 28 km distant from the Holt Research Forest.
Density estimation.-We used spatially explicit capturerecapture models to estimate population density in our study area (Borchers and Efford 2008) . We considered the 5 consecutive days as 5 distinct occasions in each trapping session. We used the following predictor variables in our models: year of harvest (1987), harvested area (7 blocks), season, seed abundance of the 10 target tree seeds, and average minimum temperatures in the winter. Seed abundance was log-transformed to approximate a normal distribution. Variables were added to models using the forward addition approach, starting from simpler models. When a target seed species was included in top models, we checked interactions between season (April versus August) and seed abundance. We also fitted a model with an interaction between season and winter temperature because we assumed that the severity of low temperature in winter decreased the population density or population growth rates (Fuller 1976) .
Finally, we included the abundance of red spruce seeds as a predictor of detection probability. Previous studies showed that the abundance of red squirrels (Tamiasciurus hudsonicus) is related to the abundance of spruce tree seeds (Klenner and Krebs 1991; Wheatley et al. 2002) . We often observed red squirrels disturbing traps and capturing voles (J. W. Witham, pers. obs.); therefore, we hypothesized that squirrel abundance might negatively affect the detection probability of voles.
The relative fit of models was compared by using the Akaike's Information Criteria corrected for small sample sizes (AICc), and we considered models with ΔAICc ≤ 2.0 as competitive. In addition to using the ΔAICc, we checked whether 95% confidence interval (CI) of parameter (β) estimates overlapped with zero. The CIs of parameter estimates were obtained using the emdbook package (Bolker 2015) . Analyses were conducted using the secr package in R (R Development Core Team 2015; Efford 2016).
Vital rates.-We used Pradel models (as implemented in Program MARK) with Robust design to estimate survival and recruitment (Pradel 1996) . We also estimated population growth rates, as a result of survival and recruitment, from the same models to visualize which vital rate was responsible for the population growth rates. We included the following predictor variables in Pradel models: seasons (August-March and AprilJuly, modeled as a group covariate), seed abundance for each target species, average minimum temperatures in the winter, and minimum number of captures in the previous year as covariates for population growth rates, survival, and recruitment. Seed abundance was tested only for the target species that had a strong effect on density in the spatially explicit capture-recapture models. We also included body mass of individuals in each trap session as time-varying individual covariates and modeled it as a function of survival probability. We assumed that body mass was constant within a trap session. For covariates included in top-ranking models, we also tested the interactions between season and seed abundance, season and winter temperature, or minimum number of captures and seed abundance.
results
We captured a total of 1,894 individuals during the duration of this study (33 years, raw data are presented in Supplementary Data SD1). These included 1,424 adults, 352 juveniles, and 118 individuals of unknown age classes; 975 of these were males, 830 were females, and 89 were of unknown sex.
Population density.-Population density was positively related to abundance of white pine, red oak, and paper birch seeds (Tables 1 and 2 ; Figs. 2 and 3) and positively related to average minimum temperature in winter (Table 2) . Furthermore, abundance of paper birch seeds had a positive effect on density only in the summer session. Detection probability decreased with an increase in abundance of red spruce seeds (a proxy for red squirrel abundance).
Vital rates.-Because the population density of M. gapperi was related to abundance of white pine, red spruce, red oak, and paper birch seeds, we focused our analyses of vital rates Table 1 .-Top-ranked spatially explicit capture-recapture models estimating red-backed vole (Myodes gapperi) population density in the Holt Research Forest, Maine, United States. Only models with ΔAICc < 2.0 are shown. Density: population density parameter (individuals/ha); Detection: detection probability; ΔAICc: difference between given model and top-ranked model in Akaike's Information Criteria corrected for small sample sizes; W i : ΔAICc weight; K: number of parameters; HY: pre-1988 (nonharvested year) or post-1988 (harvested year); HA: harvested area or nonharvested area; Season: April or August; WP: white pine seeds; RS: red spruce seeds; RO: red oak acorns; PB: paper birch seeds; WT: winter temperature (average minimum temperature during August-March). Scale parameters were fixed with σ (Null). on these species. Only abundance of white pine and paper birch seeds affected population growth rates, whereas abundance of white pine, red oak, and paper birch seeds affected both survival and recruitment (Table 3) . Higher abundance of white pine seeds increased population growth rates, survival probability, and recruitment rates only when vole population density was low (Table 4 ; Fig. 4) . Conversely, when population density was intermediate or high, the growth and recruitment rates were uniformly low, and survival probability decreased modestly.
The abundance of paper birch seeds did not affect population growth rates or survival probability under low and intermediate population density conditions (average population growth rates at low and intermediate densities: 0.9 in winter, 1.2 in summer; survival: 0.8; Table 4 ; Fig. 5 ). However, when vole population density was high, the abundance of paper birch seeds had a strong positive effect on both population growth rates and survival probability, with high abundance of seeds raising the low values (average population growth rates at high densities: 0.5 in winter, 0.8 in summer; survival: 0.2 at high density with low abundance of birch seeds) to average values (average population growth rates at high densities with high abundance of birch seeds: 0.9 in winter, 1.2 in summer; survival: 0.8). Recruitment rates increased with increasing seed abundance of paper birch, although we observed a relatively high uncertainty around estimates.
The abundance of red oak acorns had a small positive effect on survival but a negative effect on recruitment rates (Table 4 ; Fig. 6 ). Consequently, population growth rates did not change with increasing acorn abundance.
discussion
Building on a long-term (33 years) study of red-backed vole (M. gapperi) population dynamics in Maine, United States, we were able to enhance the mechanistic understanding of how seed abundance affects rodent population dynamics. We showed how the demographic pathway by which tree seeds exerted their effects on vole populations varied for 3 tree species, and showed strong evidence for density dependence (i.e., the magnitude of the effects changed with vole density). Specifically, we found that the effects of white pine seeds were strong only when vole population density was low (and acted mainly by affecting recruitment), but conversely the effects of paper birch seeds were strong only when vole population density was high (and acted mainly by affecting survival). These results suggest that paper birch seeds are a secondary resource that becomes important only when white pine seeds are depleted.
Demographic mechanisms.-Our detailed capture-markrecapture and survival analyses showed how the different tree seed species that we examined exerted their effects on vole populations through different demographic pathways. As an example, high abundance of white pine seeds increased density and population growth rates by increasing both survival probability and recruitment rates. These results are in line with previous research showing that the abundance of M. gapperi populations increased with high abundance of white pine seeds (Elias et al. 2006) , and dietary studies showing voles have a preference for white pine seeds (Abbott 1961 (Abbott , 1962 Abbott and Quink 1970) . We extend previous findings by showing that the demographic mechanism triggering the response of vole populations is an increase in both individual survival and in population recruitment. Nevertheless, as the survival of M. gapperi increased modestly with increasing abundance of white pine seeds (and parameter SEs were relatively large), we suspect that the increase in population density and population growth rates mainly depended on recruitment rates. A dominant role for increased recruitment is typical of r-selected species (Pianka 1970; Glazier 1985; Reznick et al. 2002) . However, we emphasize that we did not measure reproduction directly; therefore, we cannot exclude the possibility that the increase -Top-ranked Pradel models estimating population growth rate, survival probability, and recruitment rate of red-backed voles (Myodes gapperi). Only models with ΔAICc < 2.0 are shown (the second-highest model was included for comparison even if ΔAICc ≥ 2.0). While 1 vital rate was tested, others were fixed with sessionvarying covariates. Recapture probability was fixed with seasonal covariates (April or August). Season: August-March or April-July; BW: body weight; WP: white pine seeds; RS: red spruce seeds; RO: red oak acorns; PB: paper birch seeds; WT: winter temperature (average minimum temperature during August-March); D: minimum number of captures within a session. in recruitment was mainly due to immigration. Regardless of which proximate factor determined increased recruitment, our results suggest that high abundance of white pine seeds allows more individuals to be included in the populations. An important novel finding of our analysis is our evidence that the effects of white pine seeds were density-dependent: if vole population density was high, then population growth rates and recruitment rates were low, and individual survival showed a moderate decrease. These results may be explained by selfregulation of populations or by other factors such as diseases and predation (Christian 1950; Krebs 2013) .
The relationship between paper birch seeds and vole demographic parameters was complex and did not follow the demographic pathway we observed for white pine seeds. Overall, we found that increasing abundance of paper birch seeds increased vole survival and recruitment but had a positive effect on density only in the summer. Recruitment rates increased with increasing abundance of paper birch seeds irrespective of population density (Fig. 4) . Conversely, the effect of paper birch seeds on survival depended on population density. When density was low or intermediate, paper birch had little or no effect on survival. However, when density was high, paper birch seeds had a strong positive effect on survival (Fig. 4) . These results suggest that paper birch seeds are a nonoptimal or nonpreferred resource for voles that becomes important only when the population density is particularly high. We thus hypothesize that at high vole population density, there is less availability of preferred seeds such as white pine due to intraspecific competition, and this forces voles to rely on paper birch seeds. Despite the positive effect of paper birch seeds on recruitment, we emphasize that its effect was relatively small and with relatively high uncertainty around estimates. In addition, the relationships of population growth rates and survival with paper birch seeds were similar. It thus appears as if population growth rates were mainly determined by survival rather than by recruitment, which is the opposite result of what we observed for white pine seeds.
One possible explanation for the observed differences between the effects of white pine and paper birch seeds is their nutritional value. White pine seeds have a higher caloric value than birch seeds (Kendall 1980; Mealey 1980) . Our results thus suggest that nutritionally richer seeds, such as white pine seeds, may trigger rodents to increase offspring production or immigrate from nearby areas, whereas the less valuable paper birch seeds may be consumed only at high vole density when fewer pine seeds may be available.
Our demographic analyses suggest that white pine and paper birch were the main seeds triggering a demographic response by voles. Nevertheless, we also found a modest positive effect of red oak acorns on population density. Furthermore, in our vital rates analyses, increasing abundance of red oak acorns had a positive effect on individual survival, but the effect on recruitment rates was negative. Overall, the effect of red oak acorns on population growth rates was neutral, which suggests that the positive effect on survival is counterbalanced by the negative effect on recruitment. Previous studies have shown that red oaks are consumed by voles in the Holt forest (Plucinski and Hunter 2001) . Nevertheless, red oaks acorns are not preferred if compared with species such as the white pines, possibly because of the relatively high content of tannins that may reduce nutrients absorption (Ancillotto et al. 2015) . Other small mammal species such as Peromyscus spp., instead, are well known for preferring acorns and their abundance is known to fluctuate in response to the availability of acorns (Wolff 1996b) .
We used abundance of red spruce seeds both as a predictor of detection probability and of demographic parameters due to possible disturbance by red squirrels. Our modeling results indeed suggest that abundance of red spruce seeds could have a negative effect on vole detectability. This topic merits further investigation.
In conclusion, our long-term study allowed us to illuminate the demographic mechanisms by which tree seeds exert their effects on rodent population density. We found strong empirical evidence that different tree species affect rodent populations in different manners and that these effects are strongly dependent on vole population density. We found that white pine seeds were particularly important when density was low and their main effect was to increase recruitment, and conversely, paper birch seeds became important only when density was high and exerted their effect mainly by increasing survival. Our results contribute to increasing our mechanistic understanding of the complex phenomena of vole population fluctuations. 
